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Selfish DNA: The best defense is a good offense
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The recent discovery of novel biochemical activities of
intron-encoded endonucleases emphasizes the selfish
nature of mobile genetic elements.
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The discovery that group I introns can spread like viruses
through the genomes of a population of organisms came as
a surprise when it was reported in 1985 [1,2]. Since then, it
has been well-documented that mobility — ‘homing’ —
can be conferred on group I introns by DNA endonucle-
ases encoded by open reading frames (ORFs) embedded
within them [3]. Mobile group I introns have a wide
genomic distribution: they are found in phages, eubacte-
ria, archaebacteria, eukaryotic nuclei, mitochondria and
chloroplasts [3]. Heidi Goodrich-Blair and David Shub [4]
have now discovered two intron-encoded endonucleases
with unusual properties. The endonucleases are encoded
by ORFs within group I introns of the bacteriophages
SPO1 and SP82, which infect Bacillus subtilis. This discov-
ery broadens the diversity of homing endonuclease activi-
ties, and also helps to explain a puzzling phenomenon
observed by phage biologists Stewart and Franck more
than 15 years ago [5].
Previously described homing endonucleases bind to a
recognition site within an intron-minus allele (of the
intron-containing gene), and introduce a double-strand
break within the recognition sequence or nearby [3]. By
double-strand break repair and gene conversion, host prot-
eins copy the intron — with its endonuclease ORF — and
a variable amount of flanking exon sequence into the
intron-minus allele. The intron-plus allele has no intact
endonuclease recognition sequence, because the intron
interrupts it. Because of this interruption, the conversion is
unidirectional and irreversible, and the intron ‘homes’
throughout a population of intron-minus alleles. Superfi-
cially (without knowing the mechanism), it might look as if
the intron were physically inserting itself at recognition
sites, but in fact the intron’s role is indirect: the endonucle-
ase is the active agent and the intron and flanking regions
of the genes in which it is found go along for the ride.
Goodrich-Blair and Shub [4] have discovered that the SPO1
and SP82 intron-encoded endonucleases possess novel bio-
chemical activities. Each phage endonuclease prefers to
cleave DNA of the other phage. Both endonucleases can
cleave intron-plus as well as intron-minus DNA. SP82
endonuclease, for instance, cleaves intron-minus and
intron-plus DNA of SPO1 and also, though less efficiently,
both versions of its own DNA. The endonucleases also
share the property of making only single-stranded cuts (cel-
lular enzymes may complete the job, or possibly this con-
version process looks like double-strand break repair but is
actually achieved with only single-strand cuts). The
endonuclease cleavage sites were mapped downstream of
the intron-insertion site (4 base pairs downstream in the
case of the SPO1 enzyme, and 52 base pairs in the case of
the SP82 enzyme). The two phage DNAs differ in
sequence by about 25 % in this region, which presumably
accounts for each phage’s greater vulnerability to the
other’s endonuclease, although the recognition sequences
have not been localized.
These properties, previously unknown for intron-encoded
endonucleases, go far towards explaining the results of
Stewart and Franck [5], who showed in 1981 that, in
mixed infections of Bacillus subtilis with SPO1 and SP82
phage, a specific region of the SP82 genome was over-
represented in the progeny. That region included genes
29 to 32, and subsequent sequencing showed that gene 31
encodes a DNA polymerase and is the same gene that har-
bours the group I intron and homing-endonuclease ORF
studied by Goodrich-Blair and Shub [6,7]. Stewart and
Franck’s results thus appear to reflect a homing-like
process: in mixed infections, the SP82 intron-encoded
endonuclease cuts SPO1 DNA at its target sequence in
gene 31; the SP82 intron, the intronic endonuclease gene
and flanking sequences (the extent of which is presently
unclear) are then copied by gene conversion into the
SPO1 genome.
Surprisingly, the reverse process — homing of SPO1
sequences to the SP82 genome, initiated by the SPO1
intron-encoded endonuclease — was not observed in
mixed infections by Goodrich-Blair and Shub [4]. The
authors suggest that the single-strand nick generated by
the SPO1 endonuclease is less recombinogenic than that
generated by the SP82 endonuclease, and SPO1→SP82
homing-like events are therefore either not initiated, or are
initiated at a frequency so low that they are difficult to
detect in the resulting phage progeny. Goodrich-Blair and
Shub [4] propose that the SP82 intron-encoded endonucle-
ase has conferred a selective advantage on the genes of the
virus; the SP82 phage now has a way of propagating some
of its genes in populations of SPO1 phage, while selec-
tively excluding SPO1 genes in the same population. This
phenomenon is termed ‘marker exclusion’, to distinguish it
from ‘phage exclusion’, in which phage actively exclude
other phage from infecting a host cell. 
But is this the best way to look at the phenomenon? The
system presents a bewildering hierarchy of quasi-indepen-
dent evolutionary entities on which selection might act.
Does the phage enjoy an advantage by differential prolif-
eration of only part of its genome? Are not the co-con-
verted flanking markers, the DNA polymerase gene and
indeed the intron itself only hitchhikers, the endonuclease
being the driver? Are the SPO1 and SP82 endonuclease
genes best viewed as competing alleles within a single
population, or as parasites crossing boundaries between
populations?
It is useful to consider how the biochemical properties and
target specificities of the homing endonucleases might
have evolved. Our view is that separately evolving phage
populations (strains or ‘species’) and frequent episodes of
mixed infections between them are both required for an
outcome like that described by Goodrich-Blair and Shub.
Our reasoning is as follows. Within a single phage popula-
tion (population A, let us call it), the endonuclease ORFs of
homing introns that have achieved fixation will begin to
accumulate mutations, mostly ones which render them dys-
functional. There is no positive selection on these genes, if
all potential ‘homes’ are occupied. There is negative (stabi-
lizing) selection, to the extent that their products protect
against reverse-transcription-mediated intron deletion, by
cleaving nascent reverse transcripts. There is no selection
(of either sort) for novel nucleases with new recognition
and cleavage activities, within population A. This is
because such novel nucleases should cleave in cis as readily
as in trans, and so should not promote unidirectional
homing.
Imagine, however, that there are occasional mixed infec-
tions with a second (related but divergent) phage popula-
tion or strain (B) — a population which, in its isolation
from A, has diverged in sequences of potential nuclease
recognition sites. Genes encoding mutant A phage
enducleases that target B sequences can increase in
number, spreading by homing through population B.
There will be more of the mutant endonuclease genes
(and, by hitchhiking, of linked markers) because of this
new spreading potential. But this is still no reason for such
a host range mutant to replace the wild-type endonuclease
in population A: its fitness as a homing endonuclease
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Figure 1
Endonuclease wars are a consequence of
mixed phage infections. Mixed phage
infections may result in the fixation of
mutations in endonuclease ORFs which allow
them to recognize sequences in other, distinct
phage populations. Over time, the resulting
endonuclease war will lead to replacement of
the phage B endonuclease ORF (red) by that
of phage A (green). Gene conversion of
flanking markers surrounding the
endonuclease ORF and intron is a
consequence of this war.
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within population A has not increased one whit, and it
cannot even protect itself against intron elimination
through reverse transcription (because the recognition
sequence is not present in its own flanking exons).
But the new recognition specificity does do something
important for endonuclease genes and their associated
introns in population A — it protects them from being
replaced by endonuclease genes and introns from popula-
tion B. Mutant A endonucleases that attack B phage genes
save themselves from elimination, which might otherwise
result from the actions of A-targetted mutant B endonu-
cleases. In this ‘endonuclease war’, the best defense,
perhaps the only defense, is a good offense. Heterologous
recognition and cleavage activities comprise a defensive
weapon of a selfish DNA element that prevents attack
from the heterologous endonuclease by attacking first,
homing to the enemy’s home site and replacing it (Fig. 1).
Selfish DNA elements can often be of some benefit to
their hosts, but this is most parsimoniously seen as a con-
sequence, rather than a cause, of the presence of the
element [8,9]. The endonuclease may bestow a selective
advantage on the SP82 phage genome, as Goodrich-Blair
and Shub [4] argue, but this conclusion seems both unnec-
essary and unproven. In the case of (classical) homing
group I introns, the endonuclease gene (the selfish DNA)
and the intron (the host) enjoy a symbiotic relationship;
the intron provides a phenotypically silent location for the
endonuclease to hide, and the endonuclease ensures the
spread (and prevents the loss) of the intron (Fig. 2). For
the situation described by Goodrich-Blair and Shub,
however, it is difficult to extrapolate a symbiotic or mutu-
alistic relationship to encompass the phage, for there is
little evidence to suggest that the endonuclease gene or
the intron confers a selective advantage to the virus as a
whole. Does the transfer of SP82 alleles to SPO1 phage
result in a decrease of SPO1 phage progeny, consistent
with a selective advantage for the SP82 phage? Is the
fitness of SP82 phage progeny increased, or conversely, is
the fitness of SPO1 phage progeny decreased, after the
transfer of SP82 alleles to SPO1 phage? 
Phage biology is such that the recombination and
exchange of genomic segments between closely related
phages make it difficult to define populations and species.
Figure 2
One possible evolutionary history of phage
group I homing introns. The evolution of group
I introns and their associated endonuclease
ORFs can perhaps be viewed as a process
involving colonization, parasitism and
symbiosis. However, it is uncertain whether
the phage benefits from a long-term
association with the endonuclease and intron.
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Recombination also obscures our understanding of how
selection influences marker or allele fitness within phage
populations, and challenges us to consider if these are
valid units of selection [10]. Regardless of how one
defines a phage population, selfish DNA elements such as
the SP82 intron-encoded endonuclease can still survive
and propagate, for they have evolved mechanisms to this
end. It is unclear that intron-encoded endonucleases
benefit phages, unless their activities result in phage
exclusion, not just marker exclusion; therefore, we prefer
to view this phenomenon as simply a war between selfish
DNA elements of closely related phages. 
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